Dramatic changes in physiological and morphological characteristics of axotomized neurons have provided indirect evidence for retrograde trophic control of gene expression and protein synthesis by target cells. Alterations in physiological parameters include reduced action potential amplitude, decreased after-hyperpolarization duration, and slowed nerve conduction velocity (Kuno et al., 1974; Purves, 1975; Davis et al., 1978; Gustafsson and Pinter, 1984; Foehring et al., 1986; Gordon et al., 1987 ; for reviews, see Gordon, 1983; Titmus and Faber, 1990) . Morphological changes in the cell body, the chromatolytic changes, include decentralization of the nucleolus and dissolution of Nissl substance (Nissl, 1892; Liebermann, 197 1) . Axotomized nerve fiber caliber decreases (Gutmann and Sanders, 1943; Kreutzberg and Schubert, 197 1; Carlson et al., 1979; Risling et al., 1983) concurrent with a decline in conduction velocity (Cragg and Thomas, 196 1; Milner et al., 198 1; Gillespie and Stein, 1983) . Molecular studies have more recently provided direct evidence for a switch in gene expression after axotomy: levels of messenger RNA and expression of neurotransmitters, rate limiting enzymes for transmitter synthesis and neurofilament (NF) protein decline following axotomy (Grafstein and McQuarrie, 1978; Gordon, 1983; Hoffman et al., 1984; Woolf et al., 1984; Tetzlaff et al., 1988a) ; other proteins associated with slow axonal transport, actin and tubulin, are upregulated (Hall et al., 1978; Hoffman and Lasek, 1980; Neumann et al., 1983; Sinicropi and McIlwain, 1983; Tetzlaff et al., 1988a) , and the axotomized neurons express novel growth-associated proteins (Heacock and Agranoff, 1976; Skene and Willard, 198 1; Kalil and Skene, 1986; Tetzlaff et al., 1988a Hoffman, 1989 ; for review, see Skene, 1989) . Some of the biochemical changes have been directly correlated with physiological changes. Thus, decline in NF protein may account for the decline in nerve fiber diameter (Hoffman et al., 1983 (Hoffman et al., , 1984 (Hoffman et al., , 1987 Dyck et al., 1985; Greenberg and Lasek, 1988; Hoffman, 1988) and concomitant increase in latency and decreased amplitude of action potentials on the proximal stump of axotomized nerves (Davis et al., 1978; Gordon and Stein, 1982; Gordon, 1983) . Nevertheless, despite the increased understanding of the changes in gene expression after axotomy, the nature of the retrograde trophic regulation of the expression in neurons is still poorly understood.
The trophic influence of target cells on sympathetic and NGFsensitive neurons is likely to be mediated, at least in part, by NGF since exogenous NGF partially reverses retrograde changes in electrophysiological properties in axotomized bullfrog sympathetic neurons (Kelly et al., 1989) , decline in NGF receptors in a subpopulation of axotomized rat dorsal root ganglion cells, and reduced NF mRNA expression in sensory neurons of the rat facial nucleus (Verge et al., 1990) . By analogy, muscles may provide a trophic factor that is taken up by motor nerve terminals for retrograde transport to maintain normal motoneuron properties. The nature of the factor remains uncertain, but it may be the same trophic factor that prevents motoneuronal cell death during embryonic development (Oppenheim and Haverkamp, 1988) . It has been suggested that the retrograde supply of trophic material depends on muscle bulk because axotomy- (2) monitorine of trinhasic CAPS on the sciatic nerve. Silastic nerve cuffs were led to external devices via a biosnap skin interface (see Materials and Methods, and D&is et al., 1978 , for further details).
like changes could be induced in cat motoneurons by various procedures which result in muscle atrophy. These procedures are pharmacological blockade of impulse conduction (Czeh et al., 1978) or neuromuscular transmission (Pinter et al., 1991) and immobilization of muscle in a shortened position (Gallego et al., 1979) . Conversely, increase in glandular target size following partial denervation led to an increase in caliber of sympathetic postganglionic axons (Voyvodic, 1989) , but the retrograde effects of enlarged targets on myelinated nerves have been found to be small or absent (Edds, 1949; Lutt et al., 1988) .
On the other hand, it could be argued that the axotomy-like effects result, at least in part, from the reduced activity of the neuromuscular system rather than reduced muscle bulk and that the hypertrophic effects of increased target size result from increased activity. Young (1950) first suggested that nerves, like muscles, are responsive to their level of activity and may undergo atrophy following disuse. Supporting evidence comes from findings of a small but significant increase in fiber diameter (hypertrophy) of hyperactive nerves (Edds, 1950; Anderson and Edstrom, 1957; Somorajski and Rolsten, 197.5; Grainger and Sloper, 1976; Roy et al., 1984) and atrophy of nerves in immobilized limbs (Edds, 1950; Eisen et al., 1973) . The finding that sensory nerves atrophied more severely than motor nerves after axotomy (Hoffer et al., 1979; Milner and Stein, 198 1 ) is also consistent with a possible role of neural activity because the more severely affected sensory axons are silenced by isolation from sense organs while the less severely affected motor axons still conduct action potentials in response to activation in the spinal cord (Gordon et al., 1980) . If loss of neural activity is a significant factor in the decline in nerve fiber diameter and associated electrophysiological parameters after axotomy, chronic activation of axotomized nerves should reduce the changes. To determine whether neural activity plays any role in the maintenance of nerve caliber in the PNS, we have, in this study, maintained neural activity by applying chronic electrical stimulation to axotomized nerves. Using implanted extracellular cuff electrodes on the sciatic nerve and one or more of its branches in both hindlimbs of rabbits, we have (1) monitored the compound action potential (CAP) before and after cutting the nerve branch distal to the cuff and (2) imposed high and low frequency stimulation in one but not the other hindlimb. This method has allowed us to use each animal as its own control in determining (1) the extent and time course of atrophy of axotomized nerves by comparing pre-and postoperative measurements of CAP amplitude and latency and (2) the effects of chronic stimulation of the axotomized nerves by comparing stimulated and unstimulated axotomized nerves bilaterally for periods of up to 7 months. We have combined this electrophysiological study with a morphological examination of the nerves at times during the most rapid phase of change in CAP amplitude and latency (see Davis et al., 1978) and at later times when the electrophysiological properties stabilize.
Materials and Methods
Nerve cuffs containing platinum iridium electrodes (Stein et al., 1975 (Stein et al., , 1977 were placed around the sciatic nerve and the common peroneal (CP) branch in both hindlimbs in eight adult rabbits (2.5-4 kg each and 6-12 months old) under sterile conditions and sodium pentobarbitol anesthesia (30 mg/kg Nembutal i.p.). In one animal, cuff electrodes were also placed on the tibia1 (TIB) nerve branch. Cuffs on sciatic and CP nerves were also placed unilaterally in two animals. Leads from the cuff electrodes were led to the skin through a plug held in a biosnap in the skin which was fixed dorsally to the lumbar spinal processes (Fig. 1) . Thereby, the leads interfaced with external stimulators and amplifiers for chronic stimulation and recording, respectively. The continuity and stability of the electrodes was monitored by measuring the impedance of the electrodes on a Hewlett-Packard impedance meter (model 4800A).
The amplitude and latency of the CAP were monitored regularly at Mean number + SE (n) of fibers in common peroneal nerves that were axotomized and chronically stimulated and contralateral nerves that were axotomized but not stimulated (see Materials and Methods for further details).
3-10-d intervals before and after axotomy: CAPS were recorded from the sciatic nerve cuff in response to suprathreshold stimulation of the CP or TIB nerve using square wave pulses of IO-rsec duration and 2-8 V (and in the reverse direction, from sciatic to CP or TIB), with the animals under halothane anesthesia. The threshold and suprathreshold voltages were established daily prior to chronic stimulation and in the recording sessions. Stimulus voltage was increased from 0 V to just evoke a response (threshold < 1 V for a IO-psec square wave pulse) and then further increased to evoke the maximal response, namely, when CAP amplitude did not increase further but the stimulus artifact increased proportionately (suprathreshold = 2-8 V). Reproducible stable baseline recordings were obtained for 3-4 weeks prior to a second operation in which the rabbits were anesthetized with Nembutal (as above for cuff implantation), and sterile surgical technique was used to cut and ligate either the CP or TIB nerves 2-3 cm distal to the cuff in both legs. The proximal stump was sutured onto a Silastic sheet to preven<regener&ion and reinnervation of denervated targets. The axotomized nerve (CP or TIB) was then stimulated chronically in one leg by suprathreshold square wave pulses of 2.5-8 V amplitude, IO-psec d&ation, delivered from a Grass stimulator controlled by a Digitimer (Devices Ltd.). Stimulation was either continuous at 10 Hz or in trains of 99 pulses at 100 Hz every 5 set for 8 hr/d for periods of up to 230 d.
Evoked CAPS on the sciatic nerves were displayed continuously on an oscilloscope (Textronix 5441) to check stability of the stimulus parameters and to monitor the evoked CAPS. The chosen stimulation parameters, which were generally stable from day to day, evoked maximal CAP amplitude and were below threshold for the pain fibers so that the stimulation did not cause any perceptible distress to the animals. The rabbits were confined in narrow cages that permitted them to stand, to move forward and backward (but not to reverse direction), and to eat and drink freely. There was no perceptible change in the food and water consumption or the sleep patterns of the confined rabbits as compared to rabbits confined to cages in the animal facility. Their weight gain also was similar to that of normal rabbits.
At selected intervals during the rapid decline of CAP amplitude and increase in latency (for cat nerves, see Davis et al., 1978) , the experiments were terminated and the nerves prepared for histological examination. Segments of the CP or TIB nerves, proximal to, within, and distal to the nerve cuff, were fixed in gluteraldehyde (3% in 0.1 M phosphate buffer), stained with 0~0, (3% solution in 0.1 M phosphate buffer), dehydrated in ascending alcohols, and embedded in araldite. One-micron cross sections were mounted, stained (1% p-phenylenediamine), and microphotographed for measurement (see Gillespie and Stein, 1983 ). The possible artifacts of nerve cuff placement were controlled for by taking fiber size and number measurements from nerve samples proximal, within, and distal to the cuff. The nerves distal to the cuff were examined at least 1 cm proximal to the cut end of the nerve where there was no evidence of demyelination and remyelination such as has been reported to occur several internodes proximal to axonal injury (Lubinska, 1961; Spencer and Thomas, 1970; Dyck et al., 1981) . Fiber size and number were not affected by placement of the cuff since the values did not differ significantly in the samples taken at different locations relative to the cuff location. For example, the mean fiber diameter ? SE of an axotomized CP nerve was 5.26 + 0.22, 5.22 ? 0.17, and 4.86 & 0.18 pm for 74, 83, and 70 fibers measured in cross sections taken proximal, within, and distal to the CP recording cuff, respectively. Thus, we are reasonably confident that the placement of the nerve cuff did not introduce significant errors in fiber diameter and number measure- ments. All graphs show data that was obtained at the same level of the nerve, which was l-2 cm from the cut end of the nerve. Sample areas were photographed and printed at magnification of 1200-2000 x for digitization of the outer perimeter of the myelinated axons. Total fiber numbers in the CP nerve were calculated by counting fibers in four to eight sample photographs of the nerve cross section at the same magnification and by multiplying the average count by the ratio of the area of the whole nerve to the area of the sample counted (Table  1 ; see also Gutmann and Sanders, 1943) . Samples of between 700 (15% of the total) and 5094 (100% of the total) nerve fibers were examined from randomly selected areas of the nerve cross section for representation of the fiber size distribution.
There are normally three to five fascicles that contain different populations of nerve fibers with respect to size. Generally, 56% of the cross-sectional area of the whole nerve contained most of the larger nerve fibers and the other 44% contained most of the smaller nerve fibers; the latter represents the larger proportion of the nerve fibers (see Fig. 6 ). We weighted the average counts of the large fibers by the ratio of the two areas (1.27) to adjust for this heterogeneity.
A Summa graphics (MM1200 series) digitizing tablet coupled to a Kaypro 2000 PC computer was used for digitization, and a program written locally by Mr. Robert Rolf used the outer perimeter to determine the fiber area and, in turn, the diameter ofan equivalent circle. Electronmicroscopic photomicrographs were used to digitize the outer perimeter and the axon perimeter (inside the myelin sheath) of fibers to determine the myelin thickness from the difference between fiber and axon diameters, as described by Gillespie and Stein (1983) .
Statistics. Differences between means was calculated using the Student's t test, and differences were regarded as significant if the probability was less than 1%. Differences between distributions were analyzed using the Kolmogorov-Smimov test to compare cumulative distributions as described in detail by Fisz (1963) . Briefly, the maximum vertical separation between points on cumulative frequency histograms (0) is measured to calculate X, where X = Drz".5 and n is the total number of sampled fibers (in the case of distributions of fiber diameters). If X < 1.36, differences in the fiber diameter distributions are not significant at the 5% level. If X > 1.63 or 1.94, the distributions are significantly different at the 1 and 0.1% levels of confidence, respectively. Frequency distributions were also compared using the Mann-Whitney U test with the same result.
Results

Compound action potentials
Retrograde CAPS were elicited by maximal stimulation of the CP orTIB nerves and recorded from cuff electrodes on the sciatic nerve. Conversely, anterograde CAPS were recorded from cuff electrodes placed on the CP and TIB nerves in response to stimulation ofthe sciatic nerve. On average, the mean amplitude and latency of CAPS recorded prior to axotomy were similar bilaterally (Table 2) . CAP amplitude was higher on the sciatic nerve cuffs because amplitude depends not only on size of the nerve fibers but also on the dimensions of the cuff electrode, which in the case of the sciatic nerve cuff was longer than the CP cuff (Stein et al., 1977; Davis et al., 1978) . After section and ligation of the CP or TIB nerves 2-3 cm distal to the cuff, CAP amplitude declined and latency to the first peak increased as shown in the example in Figure 2 . Potentials recorded on the sciatic and the nerve branch electrodes showed the same relative changes in peak-to-peak amplitude and latency: a rapid decline or increase, respectively, to a plateau level at times longer than 100 d (Fig. 3) .
One of the two hindlimbs was chosen at random for stimulation with either the 1 O-Hz continuous or 1 00-Hz intermittent pattern of stimulation, which was commenced on the day of axotomy. During chronic stimulation, CAPS were evoked only on the stimulated side and were not detected on the contralateral side. The amplitude and the latency of CAPS declined whether or not the nerves were chronically stimulated. This is clear from Figure 4 where the mean (&SE) of the amplitude and latency of CAPS are plotted relative to preoperative values. There was no detectable difference in the extent or time course of decay of the CAP in stimulated and unstimulated axotomized nerves. Three of the experimental nerves were treated with lOO-Hz intermittent stimulation, and the other four were stimulated for the same daily 8-hr period with continuous 1 O-Hz stimulation. Thus, irrespective of frequency, the stimulation appeared to be ineffective in reducing the decay of the CAP amplitude or the increase in the latency after axotomy. The same result was obtained in the one animal in which the TIB nerve was ligated and stimulated. Again, the CAP amplitude fell to 20% of its preoperative levels, and there was no perceptible difference between the stimulated and unstimulated TIB nerves. To check for bilateral crossover effects of stimulation, nerves were axotomized unilaterally in two animals. Similar results were obtained for stimulated and nonstimulated axotomized nerves.
The decline in CAP amplitude could be fitted with a simple exponential with the decline being most rapid in the first month of axotomy, although there is some evidence of two exponential time courses. Values of amplitude and latency tended to level off for a short period of time at around 1 month before continuing to decline or increase, respectively, in a second exponential to the final plateau level (Fig. 4) . When single exponentials were fitted to the data for each animal, the amplitude fell to an average (*SE) asymptotic value of 15.6 f 3% of preoperative levels in the stimulated nerves and 13.9 ? 4% in the unstimulated axotomized nerves, with time constants (r) of 45 f 4 and 41 + 4 d, respectively. These results are in good agreement with previous data for axotomized hindlimb nerves in the cat (Davis et al., 1978) . In one animal, the CAP was monitored bilaterally for a period of 227 d as shown in Figure 5 . The amplitudes of the CAPS recorded in both nerves level off toward a plateau, but the stimulated nerve CAP continues to decline slightly more than the unstimulated nerve CAP, which remains steady. There was no detectable difference in the latency to the first positive peak for the two nerves.
Nerve fiber diameter The diameter of myelinated fibers in normal CP nerves from a control animal range from 1 to 160~pm. The distribution is bimodal, with a large peak around 3 and a small peak at 12 pm diameter (Fig. 6 ). Stimulated and unstimulated axotomized nerves were removed for morphometric analysis (see Materials and Methods) at times which corresponded with 0.5, 1, 2, and 5 times the time constant 7 for the exponential decline in the CAP amplitude. The distributions of fiber diameters of stimulated and unstimulated contralateral nerves are compared in Figure 7 during the rapid phase of decline in CAP amplitude at 17, 38, and 87 d after axotomy (Fig. 7) . As first described by Gutmann and Sanders (1943) , the bimodal distributions become unimodal as the numbers of large fibers decline ( Figure  7 ). The extent of atrophy and the progression with time are readily apparent when the distributions are plotted as cumulative frequency histograms and compared to the normal fiber distribution plotted as circles in Figure 7B . Comparisons of the cumulative frequency distributions showed that all axotomized nerve fibers are already significantly smaller than normal by 17 d at the 0.1% level of confidence (X > 1.94, Kolmogorov-Smirnov test, see Materials and Methods) and that the stimulated axotomized nerves had not atrophied as much as the unstimulated axotomized nerves (JJ < 0.0 1). This small but significant effect of stimulation on atrophy of axotomized nerves was not seen a month later when the percentage increase of small fibers in axotomized nerve was the same whether or not the nerves were stimulated. By 90 d, the trend was reversed and the fiber distribution included significantly more smaller fibers in the stimulated nerves than the unstimulated nerves (p < 0.01). These trends may also be seen when mean values are compared. Mean diameter 2 SD (n) of fibers in common peroneal nerves that were axotomized and chronically stimulated and contralateral nerves that were axotomized but not stimulated. Mean values for unstimulated and stimulated are significantly different (p < 0.1) for all time periods except at 38 d. The mean values are shown by vertical bars in the histograms in the figure and listed together with SDS in Table 3 . The delayed negative effect of stimulation was quite evident 100 d or more after axotomy when there was a significant shift of the distribution to smaller values (p < 0.0 1, Fig. 8 ) and when the CAP amplitude appeared to decline more in the stimulated than the unstimulated axotomized nerves (Fig. 5) . Note that there were still fibers as large as 13 km in the axotomized nerves, which, although few in number, could account for the finding that the CAP latency plateaued 100 d after axotomy, whether or not the nerves were stimulated (Fig. 3) . The increase in the proportion of small fibers in the long-term axotomized nerves was not attributed to alterations in numbers of axons, either a decrease due to cell death or an increase due to axonal sprouting proximal to the ligature, because the number of fibers in the The vertical lines denote the mean fiber diameters of the stimulated axotomized CP nerve (s) and the contralateral unstimulated axotomized nerve (U). Differences between distributions were determined using the Kolmogorov-Smimov test and between means by the Student's t test. At all time periods, the fiber distributions and means of the axotomized nerves were significantly different from normal 0, < 0.01). Except at 38 d the stimulated and nonstimulated axotomized nerves were significantly different at the 1% level of confidence. Mean + SD values of fiber diameters are listed in Table 3 . stimulated axotomized and nonstimulated nerves was similar (Table 1) . Examination of axotomized CP nerves at the light and electron microscopic levels showed that, despite the atrophy, the fibers are healthy in appearance and they remain well myelinated (Fig. 9) , even the smallest fibers (Fig. 10) . Note that the nonmyelinated nerves that are present in the CP are also present in the axotomized nerves. The myelin thickness of normal and axotomized nerves was measured from electron micrographs and plotted as a function of the fiber diameter as shown in Figure  11 . The strong correlation between myelin thickness (m) and equivalent fiber diameter (0) in normal nerves remained in axotomized nerves, despite the decline in fiber diameter. The slope of the regression lines fitted to the data for the axotomized nerves varied between 0.85 and 1.32 and did not differ significantly from normal. Moreover, there was no difference between stimulated and unstimulated axotomized nerves. Since the slope of the regression line does not change, it follows that the axonal diameter declines in proportion to the fiber diameter.
Discussion
The major findings in this study are that the decline in nerve fiber diameter is rapid after axotomy and that it is not reversed or prevented by chronic electrical stimulation as would be predicted if neural activity played an essential role in maintaining normal fiber caliber. Although there was a short-term sparing effect of the stimulation in the first 3 weeks after axotomy, the maintained stimulation was counterproductive over long periods and exacerbated the atrophy of the axotomized nerves.
Rapidfiber atrophy after axotomy
With chronic recording techniques that permit the measurement of CAPS on the same nerve before and after axotomy, we have shown that nerve fiber atrophy occurs very rapidly after axotomy: CAP amplitude declined sharply during the first 3 weeks (Figs. 4, 5) . Concurrently, there was a dramatic reduction in fiber diameters of the nerves examined at the same level of recording, namely, -2-3 cm proximal to the site of axotomy (Figs. 7, 8) . These results confirm and extend our earlier electrophysiological studies of axotomized cat nerves (Davis et al., 1978) and show further that the shift from a normal bimodal to a unimodal distribution of fiber diameters (Gutmann and Sanders, 1943; Aitken and Thomas, 1962; Carlson et al., 1979; Dyck et al., 198 1; Gillespie and Stein, 1983; Risling et al., 1983) occurs very rapidly after axotomy. They also show that the rapid decrease in CAP amplitude and increase in latency is concomitant with the loss of the larger peak of the bimodal distribution of nerve fibers.
Although the decline in CAP amplitude could be fitted with a single exponential with an average time constant of -45 d as Table 3 and as vertical lines in A.
described previously for axotomized cat hindlimb nerves (Davis et al., 1978) two separate stages of decline of CAP and increase in latency were discernible. The rapid rate of decline in CAP amplitude and increase in CAP latency during the first 20 d after axotomy was followed by a slower rate of change during the next 80 d. These two phases are paralleled by a leftward shift of the cumulative fiber diameter histograms, a large shift at 17 d being followed by a relatively smaller change in the next 80 d (Fig. 12A) . Since fiber numbers do not decline after axotomy of adult nerves (Table 1; Carlson et al., 1979; Gillespie and Stein1983 ; but see Dyck et al., 1985) and other factors that may influence the CAP, including internodal distance and myelination, are not altered after axotomy (Crag8 and Thomas, 1961; Fig. 1 l) , the changes in the CAP were attributed to decline in fiber diameters. A significant loss of sensory fibers was found after axotomy of immature neurons (Aldskogius and Risling, 198 1) and after limb amputation in the adult cat (Dyck et al., 1985) . In the latter case, the more severe injury of limb amputation severed nerves closer to the cell bodies than in our study. We cannot discount that there was a small but undetected loss of sensory fibers, which could contribute to the decline in CAP amplitude in our study, even though the axotomy was a less severe injury and was performed close to the endorgans and not close to the cell bodies. In addition, we cannot discount that small fibers were included in our measurements as a result of regeneration of sprouts from the cut and sutured end of the nerve. Sprouts may grow retrogradely along the proximal nerve stump because they are frustrated from growing distally by the suture of the ligated end of the nerve to a Silastic sheet (see Materials and Methods), but they are unlikely to have become myelinated and therefore to have been included in our measurements.
There is good evidence that nerve fiber caliber is correlated with the axonal content of NF protein, with a decrease in caliber occurring with a decline in NF protein after axotomy (Friede and Samorajski, 1970; Hoffman et al., 1987) . Alterations in gene expression for NF are seen very soon after axotomy (within 12 hr), and a reduction in protein synthesis in the cell body is already evident a day after axotomy (Hoffman et al., 1987; Wong and Oblinger, 1987; Greenberg and Lasek, 1988; Tetzlaff et al., 1988a Tetzlaff et al., ,b, 1989 . However, since neurofilaments are transported to the axons via the slow component SCa of axonal transport (Hoffman and Lasek, 1975 ) a delay would be expected before axonal NF content fell and, if NF fiber content is a major determinant of fiber caliber (Hoffman et al., 1987) , there should be a delay before fiber atrophy. This delay would equal the time taken for lowered amounts of synthesized neurofilaments to be transported. For the rabbit CP nerves that we examined at a distance of 13-l 5 cm from the cell body, a delay in nerve atrophy of 50-60 d would be predicted because the rate of advance of moving front of neurofilaments is -2.5 mm/d . However, our chronic experiments show that the CAP had already decreased by more than 66%, and the large fiber population had atrophied by -50% at 50-60 d, when the initiation of decline was predicted. Furthermore, the reduction in CAP amplitude relative to preoperative values was the same whether CAPS were recorded at the level of the sciatic nerve or the CP or TIB nerve branch and not different (Figs. 3, 4) as would be predicted by the proximodistal transport of neurofilaments and the observation of a proximodistal gradient of nerve fiber atrophy after axotomy (Hoffman et al., 1983) .
The discrepancies between rapid fiber atrophy and rate of transport of lowered numbers of neurofilaments suggest that local changes in the axotomized nerves rather than alterations in cytoskeletal protein synthesis and transport are more likely dium, and hydrogen, which may be involved in alterations in to account for the first rapid phase of decline in fiber caliber cytoskeletal proteins. In addition, substances may be taken up after axotomy. Polymerization of neurofilaments is sensitive to at the injury site and contribute to local changes during the first several local factors that may operate to reduce their number.
phase of decline as well as to later changes in gene expression These include changes in local concentrations of calcium, soafter retrograde transport to the soma. Our results suggest that
The Journal of Neuroscience, July 1991, 1 I (7) altered expression of cytoskeletal proteins and transport of a reduced number of neurofilaments in the axotomized nerves are more likely to contribute more to the slower phase of atrophy and to the final stabilization of fiber diameters at their lower asymptotic levels. Levels of mRNA and NF protein fall rapidly in the first week after axotomy and plateau (Tetzlaff, 1989) some time before the stabilization of CAP amplitude and fiber diameter 3 months later ( Fig. 8 ; Davis et al., 1978) . The final axonal size may very well reflect the final equilibrated axonal content of neurofilaments.
Stimulation and atrophy
Chronic stimulation of axotomized nerves during the first month had a small but significant effect in reducing the atrophy of the largest fibers. The effect was not detected by electrophysiological recording of the CAP, which showed -50% fall in CAP amplitude and 25% increase in latency for both stimulated and unstimulated nerves. To the extent that larger fibers dominate the latency of the positive peak of the CAP, the finding that there was no difference between the latency in the stimulated and unstimulated nerves can be explained by the sufficient number of large fibers in each. The fact that the amplitude was not changed is more surprising and would require more extensive morphological study of the nerves at these early times to firmly establish whether chronic stimulation of axotomized nerves delays the atrophy. It is the larger fibers that are the most severely affected by axotomy ( Fig. 7 ; Milner et al., 1981; Dyck et al., 1985) and whose atrophy appears to be slightly reduced by stimulation in the first month. These fibers include the mechanosensory and motor fibers, both of which undergo a dramatic reduction of neural activity following axotomy because of isolation from the sense organs and synaptic dysjunction, respectively (Gordon et al., 1980) . The small early positive effect of chronic stimulation suggests that the normal decline in activity may contribute to the atrophy of axotomized nerves. If, as suggested above, the early atrophy can be attributed to localized changes in the cytoskeleton of axotomized nerves, it is possible that conduction of action potentials reduces the impact of local factors on axon caliber. Support for this idea comes from regeneration studies showing that AC and DC electrical stimulation can accelerate outgrowth of neural sprouts from the cut end of the axon, possibly by reducing the injury current and thereby the latent period for sprouting (Hines et al., 1945; Gutmann and Jakoubek, 1963; Borgens, 1982; Nix and Hopf, 1983; Pockett and Gavin, 1985; McDevitt et al., 1987; Pomeranz, 1986) .
Neural activity declines concurrently with fiber diameter and levels off in motoneurons at approximately 20% of normal levels at the time when fiber sizes stabilize at their lower values (Gordon et al., 1980) . If neural activity was maintained for long periods by chronic stimulation, axotomized nerves atrophied more than they would have if their activity had declined normally (Figs. 8, 9 ). Perhaps the normal decline in neural activity of axotomized neurons is important for maintaining the neurons until peripheral contacts are remade, particularly as fibers may remain stable for long periods of time until they can remake functional connections (Davis et al., 1978) . Activation of the atrophied nerves may promote breakdown of cytoskeletal proteins possibly by increasing free Ca levels or affecting other local processes in the nerves. Another possibility is that activity of the cells may downregulate NF protein even further than normal in a manner analogous to the response of axotomized nerves to a second lesion, which has been shown to result in a significant further decline in NF expression (Tetzlaff, 1989) . It is important to recognize that the chronic stimulation ofthe peripheral nerves is likely to activate the cell body retrogradely rather than by reflex activation because of the comparatively small contribution of monosynaptic inputs to synaptic activation of the flexor motoneurons and because the synaptic efficacy is reduced by synaptic dysjunction after axotomy (Mendell et al., 1976; reviewed by Gordon, 1983; Titmus and Faber, 1990) . As a result, the effects of chronic stimulation are likely to reflect the abnormally high numbers of action potentials that are conducted in the axotomized nerves, which, under natural conditions, are relatively quiescent (Gordon et al., 1980) . Whether anterograde activation of axotomized nerves would have a similar effect is not clear at this time but may be tested experimentally.
Conclusions
The finding that imposing chronic stimulation on axotomized nerves failed to reduce or reverse the decline in fiber size, in contrast to the complete recovery of fiber size if the nerves regenerate and remake functional connections (Gordon and Stein, 1982) , shows that neural activity is unlikely to play a major role in the normal maintenance of nerve fiber caliber and thus control of gene expression for cytoskeletal proteins. Nevertheless, there is evidence that when neuromuscular connections remain intact, activity can modulate the trophic effect since quiescent motor nerves after spinal isolation and deafferentation have been found to increase in diameter (Gordon et al., 1989) . Thus, the combination of these and other studies shows that the major trophic control of nerve fiber size is mediated by functional contacts with peripheral targets and that neural activity plays a relatively small role. In the absence of functional contacts, nerve fibers decline in diameter to stable but lower values. Nonetheless, activity may modulate the response of the cell to axotomy. Decline in activity during the first month may promote the downregulation of NF protein as part of the response of the cell to loss of trophic regulation, and reduced activation of axotomized nerves could be an important factor in their maintenance until the damaged nerves regenerate and make functional connections with peripheral targets.
